c Lipid droplets (LDs) are ubiquitous organelles that serve as a neutral lipid reservoir and a hub for lipid metabolism. Manipulating LD formation, evolution, and mobilization in oleaginous species may lead to the production of fatty acid-derived biofuels and chemicals. However, key factors regulating LD dynamics remain poorly characterized. Here we purified the LDs and identified LD-associated proteins from cells of the lipid-producing yeast Rhodosporidium toruloides cultured under nutrient-rich, nitrogen-limited, and phosphorus-limited conditions. The LD proteome consisted of 226 proteins, many of which are involved in lipid metabolism and LD formation and evolution. Further analysis of our previous comparative transcriptome and proteome data sets indicated that the transcription level of 85 genes and protein abundance of 77 proteins changed under nutrient-limited conditions. Such changes were highly relevant to lipid accumulation and partially confirmed by reverse transcription-quantitative PCR. We demonstrated that the major LD structure protein Ldp1 is an LD marker protein being upregulated in lipid-rich cells. When overexpressed in Saccharomyces cerevisiae, Ldp1 localized on the LD surface and facilitated giant LD formation, suggesting that Ldp1 plays an important role in controlling LD dynamics. Our results significantly advance the understanding of the molecular basis of lipid overproduction and storage in oleaginous yeasts and will be valuable for the development of superior lipid producers.
L
ipid droplets (LDs), intracellular organelles with deposits of neutral lipids and involved in many cellular activities, are widely present in both eukaryotic and prokaryotic cells (1) (2) (3) (4) . These organelles consist of a neutral lipid core surrounded by a phospholipid monolayer and associated proteins (3, 5) . It has been known that LDs serve as the energy reservoir of cells, which may increase the adaptation by mobilization and degradation of lipids during nutrient deprivation, and also connect with other cellular processes, including lipid transport, membrane biogenesis, lipotoxicity relief, protein storage and degradation, pathogenicity, and autophagy (6) (7) (8) (9) . Because the biology of LDs is closely linked to some diseases, such as obesity, type 2 diabetes, and atherosclerosis, great progress has been made in elucidating the cellular trafficking, dynamics, and biogenesis of LDs in mammalian cells (2, 7, 10) . However, there have been few studies on LDs in other species, especially naturally lipid-producing microorganisms (11) (12) (13) . Analysis of these microorganisms is motivated by the fact that microbial lipid production holds a great promise to convert waste materials, including lignocellulosic biomass, into fatty acid-derived fuel molecules and chemicals in a scenario of biorefinery and sustainable development (14, 15) .
The major components of LDs are neutral lipids, including triacylglycerols (TAGs), sterol esters, and ether lipids (16) . Neutral lipids constitute more than 90% of LDs by weight, but the ratio of TAGs to sterol esters can change substantially depending on culture conditions and organisms (13, 17, 18) . Polar lipids, mainly phosphatidylcholine, phosphatidylethanolamine, and phosphatidylinositol, form a micellar structure that stabilizes the hydrophobic center. Besides lipids, purified LDs have also been found to be associated with hundreds of proteins (10) . The PAT family proteins are present on the LD surface in evolutionarily distant organisms (19) . Other LD proteins include lipid metabolism enzymes, Rab GTPases, coatomer components, ARF-related proteins, and SNARE proteins (20) . The presence of functionally diversified proteins in LDs suggests that the biological function of LDs is much more than just an energy reservoir (10, 21) .
The basidiomycetous yeast Rhodosporidium toruloides is robust in terms of lipid production under nitrogen-limited (NL) or phosphorus-limited (PL) conditions (15, 22, 23) . When R. toruloides cells accumulated substantial lipids, giant LDs occupied almost the entire cells. Our previous analysis of soluble cell lysates of R. toruloides showed that the levels of over 500 proteins were significantly changed during lipid accumulation in response to nitrogen limitation (24) . However, the identity and dynamics of LD-associated proteome remained unknown in this and other basidiomycetous yeasts.
In this study, we cultured R. toruloides in nutrient-rich, NL, and PL media, obtained cell samples of different lipid contents, purified LDs, and identified 226 LD-associated proteins. These proteins had diverse biological functions and were involved in lipid metabolism, vesicle traffic, small molecule metabolism, pro-tein synthesis and processing, or mitochondrial function. Further reanalysis of our previous differential transcriptome and proteome data sets (24, 25) indicated that the expression levels of the majority of LD-associated proteins changed in response to culture conditions. Such changes were partially confirmed by reverse transcription-quantitative PCR (RT-qPCR) analysis. Interestingly, we found that RHTO_05627 was an abundant LD-associated protein, and thus it was termed Ldp1 (lipid droplet protein 1). RT-qPCR and quantitative "omic" data indicated that the expression level of LDP1 was higher in cells with more lipids than in cells with fewer lipids. Western blot analysis showed that Ldp1 was present specifically in the LD fraction, and its abundance in LDs increased in lipid-rich cells. We showed that overexpressed Ldp1 localized on the LD surface and facilitated the formation of giant LDs in engineered ascomycetous yeast Saccharomyces cerevisiae strains.
This multidisciplinary study advanced the understanding of the molecular basis of neutral lipid overproduction and storage in oleaginous yeasts. Such information will facilitate LD research in general as well as the development of superior lipid producers for the production of biofuels and chemicals.
MATERIALS AND METHODS
Strain and culture conditions. R. toruloides CGMCC 2.1389 was obtained from the China General Microbiological Culture Collection (Beijing, China). It was the parent strain of the sequenced haploid NP11 (24) . The strain in glycerol stock was revived at 28°C on yeast extract-peptonedextrose (YPD) agar slants (10 g/liter yeast extract, 10 g/liter peptone, 20 g/liter dextrose, and 15 g/liter agar, pH 6.0). Inocula were grown in YPD liquid medium at 30°C and 200 rpm for 24 h. Cells were separately cultured in nutrient-rich (YPD), NL, or PL medium with 10% (vol/vol) initial inoculum at 30°C and 200 rpm. The NL medium consisted of 70 g/liter glucose, 0.1 g/liter (NH 4 (25) . The initial carbon-to-nitrogen (C/N) molar ratios of YPD, NL, and PL media were 3.9, 309, and 24.8, respectively. The initial carbon-to-phosphorus (C/P) molar ratios of YPD, NL, and PL media were 143, 280, and 10,510, respectively. The culture pH was adjusted to 6.0 with 2 M NaOH once per 24 h. Cell pellets harvested from the culture broth grown in YPD medium at 24 h, in NL medium at 24 h, and in PL medium at 48 h were subsequently used for LD preparation and RT-qPCR analysis.
LD purification. LDs were isolated at 4°C according to a previously described protocol with minor modifications (26) . Briefly, cell pellets harvested from 400 ml of culture broth were washed twice with 30 ml of phosphate-buffered saline (PBS) buffer and then suspended in 30 ml of buffer A (20 mM tricine, 250 mM sucrose, pH 7.8) containing 0.2 mM phenylmethylsulfonyl fluoride (PMSF) and incubated on ice for 20 min. These cell samples were then homogenized by running them four times over a JN3000-type ultrahigh-pressure continuous flow cell disrupter (JNBIO Co., Ltd., Guangzhou, China) at 150 MPa. For cells cultured in YPD, the cell debris of the homogenate was removed by centrifugation at 3,000 ϫ g for 10 min. Eight milliliters of supernatant layered with 2 ml of buffer B (20 mM HEPES, 100 mM KCl, 2 mM MgCl 2 , pH 7.4) on top was centrifuged in an SW40 rotor at 8,000 ϫ g for 40 min. The floating LDs were collected in a 1.5-ml Eppendorf tube and washed three times with buffer B. For the cells cultured in NL medium or PL medium, the homogenate was centrifuged directly at 4,000 ϫ g for 15 min. The LDs were collected in 1.5-ml Eppendorf tubes and washed three times with buffer A.
Lipid extraction and analysis. Wet cells were harvested from 30 ml culture broth by centrifugation and washed twice with distilled water. The cell mass, expressed as cell dry weight (CDW), was determined gravimetrically after drying the wet cells at 105°C for 24 h. Dried cells were digested with 4 M HCl at 78°C for 1 h before extraction with chloroform-methanol (1:1, vol/vol). The extracts were washed with 0.1% NaCl solution, dried over anhydrous Na 2 SO 4 , and evaporated in vacuo, and finally the residues were dried at 105°C for 24 h to yield the total lipids (27) . Lipid content was expressed as gram lipids per gram CDW. To purify lipids from LDs, samples were extracted by chloroform-acetone (1:1, vol/vol) and dried with high-purity nitrogen gas. Neutral lipids and polar phospholipids were separated by silica gel thin-layer chromatography with hexane-diethyl ether-acetic acid (80:20:1, vol/vol/vol) and chloroform-methanol-acetic acid-H 2 O (75:13:9:3, vol/vol/vol/vol) solvent systems, respectively, and visualized by iodine vapor (11) .
LD protein separation and identification. One milliliter of chloroform-acetone (1:1, vol/vol) was added to the purified LDs to extract lipids and precipitate LD proteins. The pellets were harvested by centrifugation at 20,000 ϫ g for 10 min, dissolved in 2ϫ SDS-PAGE sample buffer, and then denatured at 95°C for 5 min. The total membrane, cytosol, and postnuclear supernatant (PNS) fractions were obtained by following a protocol previously described (26) . The protein samples of the LD, membrane, cytosol, and PNS were separated on a 10% SDS-polyacrylamide gel and stained with colloidal blue. For mass spectrometry analysis, the entire lane corresponding to LD proteins from cells cultured in YPD medium was cut into 29 slices. In the NL and PL samples, seven bands were sliced because they were obviously different from those in the YPD sample. These gel slices were destained twice with 200 l acetonitrile-25 mM ammonium bicarbonate (2:3, vol/vol), dehydrated with acetonitrile, and subjected to reduction and alkylation treatment as described before (11) . Gel slices were washed sequentially with 25 mM ammonium bicarbonate, 25 mM ammonium bicarbonate solution-acetonitrile (1:1, vol/vol), and acetonitrile, dried in a SpeedVac vacuum concentrator (ThermoFisher Scientific, Waltham, MA, USA), and incubated in trypsin solution (10 ng/l in 25 mM ammonium bicarbonate) at 4°C for 30 min. The excess trypsin solution was removed, and 50 l ammonium bicarbonate (25 mM) was added for overnight digestion at 37°C. The digestion reaction was stopped by adding formic acid to a final concentration of 0.1%.
The peptides extracted from in-gel digestion were analyzed by a nanoliquid chromatography-electrospray ionization-linear trap quadrupole tandem mass spectrometry (LC-ESI-LTQ MS/MS) system as described before (11) . The peptide solution loaded onto a C 18 trap column by an autosampler was eluted onto a C 18 column (100 mm by 100 m) packed with Sunchrom packing material (SP-120-3-ODS-A, 3 m) and then subjected to an LTQ linear quadrupole ion trap mass spectrometer (ThermoFisher Scientific) equipped with an electrospray ion source. The LTQ mass spectrometer was operated in a data-dependent mode with the initial MS scan ranging from 400 to 2,000 Da. The five most abundant ions were selected automatically for subsequent collision-activated dissociation. The normalized collision energy was 35, and the activation time was 30 ms. The dynamic exclusion parameters were as follows: repeat count, 1; repeat duration, 30.00; exclusion list size, 500; exclusion duration, 90.00; exclusion mass width by mass, Ϯ1.50 atomic mass units (amu). The peak list files were generated by Extract_msn.exe in a BioWorks package (v3.3.1 SP1) with default parameters. All MS/MS data were searched against the R. toruloides protein database containing 8,171 proteins (http://www.bioconversion .dicp.ac.cn/EWEB/DATA/02/RT.pep.corrected.annotated.nameCH.fa .rar). It should be noted that contaminants such as trypsin and keratins were also included in the database. The search parameters of SEQUEST in the BioWorks suite were set as follows: enzyme, trypsin as specific protease, and two miscleavages allowed; precursor ion mass tolerance, 2.0 Da; and fragment ion mass tolerance, 1.0 Da. The variable modification was set to oxidation of methionine (Met ϩ 15.99 Da). The fixed modification was set to carboxyamidomethylation of cysteine (Cys ϩ 57.02 Da). The search results were filtered with Xcorr versus Charge values as follows: Xcorr (ϩ 1) Ͼ 1.90, Xcorr (ϩ 2) Ͼ 2.50, and Xcorr (ϩ 3) Ͼ 3.75). The peptide assignment probabilities were automatically generated by the BioWorks package using the SRF files. Proteins with at least two distinct peptides were assigned as identified proteins.
Protein function prediction and classification. The S. cerevisiae orthologs of identified proteins were obtained by protein sequence similarity searching against the Saccharomyces Genome Database (SGD; http: //www.yeastgenome.org/). An E value below 1EϪ10 was used as a threshold for homologous candidates. Functional classification of the LD proteins was based on protein annotation and SGD gene description. The orthologs of previously identified LD proteins in humans (21, 28) , fly (21, 29) , S. cerevisiae (17, 21, 30) , Pichia pastoris (18) , and Yarrowia lipolytica (13) were assigned by reciprocal BLAST.
Differentially expressed transcripts and proteins. The transcript and protein levels of the genes coding for LD-associated proteins were retrieved from the database of our previous digital gene expression profiling and semiquantitative proteome study of R. toruloides (24) . The sequence tags of digital gene expression profiling (http://www.ncbi.nlm.nih.gov /geo/query/acc.cgi?accϭGSE39023) were cleaned and normalized to tags per million (TPM) and then mapped to annotated transcripts to calculate the transcription level. Optimal criteria implemented with SFOER software (31) were used for peptide assignment filter in the proteome analysis of the soluble cell lysates, which made the false-discovery rate below 1%. Spectral counts (http://www.bioconversion.dicp.ac.cn/EWEB/DATA/03 /Peptide_identification.zip) of the identified peptides were collected and normalized as described previously (32) . The same statistical algorithms for significance tests as those in previous processing (24) were used. P values of Ͻ0.01 and fold changes of Ͼ2 were used as the thresholds of the differentially expressed transcripts, while P values of Ͻ0.05, G values of Ͼ1.35, and fold changes of Ͼ2 were used for assignment of the changed LD proteins.
RT-qPCR analysis. The cell pellets harvested from 1 ml culture broth of R. toruloides were immediately frozen in liquid nitrogen and stored at Ϫ70°C. Total RNA was isolated from about 30-to 50-mg cell samples using the FastRNA Pro Red kit and FastPrep instrument (Qbiogen, Inc., Irvine, CA, USA) according to the manufacturer's instructions, and the setting of FastPrep Instrument was 6.0 m/s for 60 s. The RNA concentration and quality were determined by a Nanodrop ND1000 spectrophotometer (ThermoFisher Scientific), while the RNA integrity was assessed by agarose gel electrophoresis. DNA removal and cDNA synthesis were performed with the PrimerScript RT reagent kit with gDNA Eraser (TaKaRa, Dalian, China). Equal amounts of each RNA (750 ng) were used for reverse transcription. Quantitative PCR (qPCR) experiments were carried out using the SYBR Premix Ex Taq GC kit (TaKaRa) in an Eco real-time PCR system (Illumina, San Diego, CA, USA). Gene-specific primers are listed in Table S1 in the supplemental material. Reactions were performed with appropriate amounts of cDNA templates and 0.2 M each primer in a total volume of 10 l. Nonspecific amplicons were not observed by dissociation curves and agarose gel electrophoresis analysis. The amplification efficiencies were calculated from five-point calibration curves based on a 6-fold dilution series using a pool of equal volumes of all cDNA as the template (see Table S1 in the supplemental material). The expression levels were normalized to two reference genes (RHTO_03560, coding for actin, and RHTO_03746, coding for glyceraldehyde 3-phosphate dehydrogenase) by a normalization factor as described before (33) . Three biological and two technical replicates were analyzed to obtain the relative expression quantity.
Western blotting. Anti-Ldp1 polyclonal antibody was raised against two synthesized peptides, NEKQPATDAPLAHEC (corresponding to amino acid residues 5 to 18) and CKKKDEVAETVEEKEGEGEK (corresponding to amino acid residues 246 to 264), selected from the N and C termini of Ldp1. The mixture of these two peptides was used as antigens and injected into two rabbits. After three injections, the antibody activity of the rabbit sera was confirmed by Western blotting. Four cellular fractions (LD, total membrane, cytosol, and PNS) of R. toruloides were prepared according to a previously reported protocol (26) . Proteins were separated by 12% SDS-PAGE, transferred onto polyvinylidene difluoride (PVDF) membranes, blotted with the anti-Ldp1 polyclonal antibody, and detected with the enhanced chemiluminescence system.
Cloning and expression of LDP1. The cDNA of Ldp1 (NCBI accession number EMS18697) was amplified from the reverse transcription product with primers PRLP1-L1 (CAAACAACGAGCACAGCGACAC) and PRLP1-R1 (AAACCGAGAAGAAACCCGAAC). The amplification product was first cloned into a pMD-19T vector (TaKaRa) to give pMD-19T:perilipin. The complete open reading frame of Ldp1 was amplified with the primer pair PG-PER-F (GGAATTCAACATGGCCACCGTCAA CGAGAAGC), where underlining indicates the EcoRI restriction site, and PG-PER-R (TGCAAGCTTGGCGTAATCATGGTCATCTGCTT C T C C C C C T C G C CCTCCT). The green fluorescent protein (GFP) gene was amplified from pGFPuv (Clontech Laboratories, Inc., Mountain View, CA, USA) with the primer pair PG-GFP-F (GAGAAGGAGGGCGAGGGGGAGAAGCAGA TGACCATGATTACGCCAAGCT) and PG-GFP-R (AAAAGGAAAAGC GGCCGCTCATTTGTAGAGCTCATCCATGCCATG), where underlining indicates the NotI restriction site. The amplification products were gel purified and spliced by overlap extension PCR (34) . The fusion segment was digested with EcoRI and NotI and inserted into pYES2/CT (Invitrogen Co., Carlsbad, CA, USA) to produce the plasmid pYES2-PG expressing the C-terminal GFP-tagged Ldp1 fusion protein (Ldp1-GFP) under the control of the GAL1 promoter. pYES2-PG was digested with HindIII to remove the LDP1 fragment and self-ligated to generate pYES2-GFP. Both plasmids were transformed by electroporation into S. cerevisiae INVsc1 according to a previous protocol (35) . The pYES2-PG plasmid was also transformed to strains expressing Erg6-RFP or Sec13-RFP (36) .
Confocal fluorescence microscopy. Single colonies from the transformation plates were first cultured at 30°C in the maintenance medium (20 g/liter raffinose, 6.7 g/liter yeast nitrogen base without amino acids, and supplementary amino acids as needed, i.e., 100 mg/liter leucine, 20 mg/ liter histidine, 20 mg/liter tryptophan, or 30 mg/liter lysine) to an optical density at 600 nm of 3.0. One milliliter of preculture was used to inoculate 10 ml of inducing medium (replacement of raffinose with galactose in the maintenance medium) supplemented with 200 M oleic acid. After cultivation at 30°C for 30 h, cells were collected and washed twice with PBS and then dropped onto microscope slides pretreated with collagen for 20 min. The samples were stained with a 500-fold-diluted solution of Lipid-TOX Red (catalog number H34477; Invitrogen) in darkness for 20 min and viewed with an Olympus FV1000 confocal microscope (Olympus Co., Tokyo, Japan).
RESULTS
Lipid production and LD morphology under different culture conditions. It has been known that oleaginous yeasts accumulate lipids under nutrient-limited conditions and that cellular lipid contents are low (below 20%) under nutrient-rich conditions (22) . In the present study, the lipid contents of the inoculum cells and the cells cultured in YPD medium for 24 h were 8.6% and 8.2%, respectively; however, lipid content increased to 51.5% when the cells were grown in NL medium for 72 h (NL-72 h). Similarly, in PL medium, the cells accumulated lipids to 22.3% and 31.7% after 48 h and 72 h, respectively (Fig. 1A) , indicating that the cells grew and accumulated lipids slower in PL medium. The lipid accumulation was consistent with the evolution of LD size. Several small LDs were present in low-lipid cells, while one or two large LDs appeared in high-lipid cells (Fig. 1B) . To maintain similar lipid contents and thus similar LDs between samples, we used cells cultured for 24 h in NL medium and for 48 h in PL medium for further LD purification.
LD purification and comprehensive proteomic analysis. To get more insights into lipid accumulation, we purified LDs as well as the lipids within LDs from R. toruloides cells according to a previously described protocol (11, 26) . It was found that the lipid samples from the isolated LDs had significantly larger amounts of neutral lipids but smaller amounts of polar lipids than the total lipid samples from the whole cells ( Fig. 2A) . Such a difference in lipid composition was a persuasive indication of the good purity of the isolated LDs. The protein profile of the LDs was unique compared with other cellular fractions (including total membrane, cytosol, and PNS), which further demonstrated that the isolated LDs were considerably pure (Fig. 2B) . It was also clear that the purification procedure was reproducible because the protein patterns of LDs from three independent biological replicates were almost identical ( Fig. 2C and D) .
To obtain an accurate LD proteome, a previously published method was applied (20) . Briefly, the whole lane of YPD-24 h-3 was cut into 29 slices (Fig. 2C, bands 1 to 29) . In order to identify key proteins involved in the maturation of large LDs and to check the comprehensiveness of the LD proteome, 7 visibly different bands that appeared in LDs purified from the NL or PL samples were also collected (Fig. 2D, bands 30 to 36 ). The gel slices were destained, and the proteins therein were digested according to the in-gel digestion procedure. The peptides were recovered and identified by LC-MS/MS. Thus, 224 proteins were identified from the YPD-24 h-3 sample, and two additional proteins were found in bands 31 and 34. Of these 226 proteins, 172 (76%) had functional orthologs in S. cerevisiae (see Table S2 in the supplemental material). There were 63, 58, and 50 proteins whose orthologs have also been found in the LD proteome of yeasts (S. cerevisiae, P. pastoris, and Y. lipolytica), humans (Homo sapiens), and fly (Drosophila melanogaster), respectively (Fig. 3B) , suggesting that at least 102 (45%) were supported as LD proteins by those previous studies (13, 17, 18, 21, (28) (29) (30) . These observations show that, for the first time, the LD proteome of the lipid-producing yeast R. toruloides was established.
The LD proteome of R. toruloides was classified into 14 groups according to the protein annotation and corresponding orthologs in S. cerevisiae ( Fig. 3A ; see also Table S2 in the supplemental material). About one-third of the identified proteins were enzymes involved in metabolism. There were 28 proteins associated with lipid metabolism (Table 1) , including synthesis and degradation of fatty acid, TAG, and sterol esters. Interestingly, most of them (20 proteins) were also found as LD proteins in other species. The presence of metabolic enzymes indicated that LD is not only a passive reservoir but also an energetic organelle in which metabolic reactions occur. Other large groups included those involved in protein synthesis, folding, processing, degradation, and transportation. There were 32 proteins that were identified as the components of the ribosome or translational machinery and 10 protein-folding-related chaperones, which were also frequently found in the LDs of other species (21) . For example, it has been demonstrated that HSP70 of rat adipocytes is localized to LDs upon heat stimulation (37) . Rab GTPases, coatomer components, v-SNARE, and ADP ribosylation factor are vesicle-trafficking-related proteins, which play crucial roles in LD formation and size determination. The fact that these proteins were found in LDs in this study was consistent with previous observations (2, 7, 21) . We also identified 34 mitochondrial proteins, which might be due to the contamination that resulted from structural or functional interaction between LDs and mitochondria (38) . A small proportion of LD proteins, such as two histones, were involved in genetic information storage and processing, which was consistent with the results of a study on Drosophila (39) . Moreover, 8 and 3 proteins were related to cellular signaling and cytoskeleton formation, respectively, and 21 proteins were poorly characterized in this LD proteome.
Interestingly, we found two potential LD structural proteins, RHTO_05627 and RHTO_03414. RHTO_05627 was previously annotated as a perilipin-like protein; here, we designated it Ldp1 (lipid droplet protein 1). Fungal perilipin-like protein Mpl1 has been first identified in Metarhizium anisopliae, and its homologs are present only in a small proportion of ascomycetous fungi, such as the Pezizomycotina (40) . However, at least one Ldp1 homolog has been found previously in basidiomycetous fungi (24) . Moreover, YALI0F24167g, the most abundant protein in the LD proteome of the ascomycetous yeast Y. lipolytica (13) , was also the homolog of Ldp1. RHTO_03414 is a caleosin family protein.
Caleosins are LD-associated Ca 2ϩ binding proteins that have been found in many plants, several oleaginous fungi, and algae (3, 41) . The biological functions of caleosins have been shown to stabilize the oil body (alias of lipid droplet) of cycad megagametophytes (42) and to interact with vacuoles and promote degradation of storage lipids in Arabidopsis seeds (43) . These results suggested that LD structural proteins are likely conserved between diverse eukaryotic species.
The proteins identified from the bands with enhanced densitometry in the NL or PL samples are listed in Table 2 . Besides the proteins already found in the YPD-24 h-3 sample, RHTO_06504 (conserved hypothetical protein) and RHTO_04226 (actin cortical patch component Lsb4, homolog of S. cerevisiae Lsb3) were newly identified. The protein abundance of Ldp1, which migrated to the bands identical to band 31, was different in these samples. The abundance of Ldp1 was highest in the NL sample while lowest in the YPD sample (Fig. 2D) , suggesting that it might be involved in lipid overproduction and giant LD formation. RHTO_07686, a 123-kDa protein similar to Aspergillus nidulans psi factor-producing oxygenase PpoA, was also identified. PpoA is a bifunctional P450 protein that oxidizes linoleic acid to (8R)-8-hydroperoxyoctadecadienoic acid followed by the isomerization to form (5S,8R)-5,8-dihydroxyoctadecadienoic acid (44) . The corresponding oxylipin products are hormone-like signaling mediators regulating the balance between asexual and sexual life cycles (44, 45) . It has been demonstrated that PpoA is localized to the LDs in A. nidulans (45) , but detailed roles of PpoA in LD function and lipid accumulation remained unclear. We also found a highermolecular-mass PpoA isoform (about 170 kDa) whose abundance was higher in the YPD and NL samples than in the PL sample (Fig.  2D) . RHTO_03117, one of the two adenylate kinases and the ortholog of S. cerevisiae cytosolic Adk1, was the major protein of band 36. It was remarkable to find RHTO_03117 in the LD proteome obtained from the PL sample. Under PL conditions, the Table S2 in the supplemental material. cellular levels of free phosphate and ATP and the energy charge may be low, and adenylate kinase is responsible for converting two ADP molecules into one ATP and one AMP to maintain ATP homeostasis (46) . RHTO_04363, another abundant protein identified in the PL sample, was a mitochondrial L-malate dehydrogenase.
FIG 3 Function catalogs of the R. toruloides lipid droplet (LD) proteome. (A) Functional classification of the identified proteins. (B) Venn diagram of proteins present in the R. toruloides LD proteome that have homologs in yeasts (S. cerevisiae, P. pastoris, and Y. lipolytica), humans (Homo sapiens), and fly (Drosophila melanogaster). The function of each protein is listed in

Expression dynamics of the LD proteome.
The results showed a dramatic increase in lipid content when the cells were cultured under NL and PL conditions (Fig. 1) , indicating that R. toruloides is a good model to study LD dynamics and identify the key proteins involved in the formation of large LDs. The SDS-PAGE results indicated that the LD proteome changed substantially. The most significant change was an enhanced densitometry of bands 31 and 32 in the NL sample and of band 36 in the PL sample compared with those in the YPD sample (Fig. 2D) . However, this assay was inadequate to offer more quantitative information. The dynamic changes of the LD proteins might have resulted from the regulation of gene expression and organelle targeting. The information about expression changes of LD-related genes should be included in the global differential transcriptome and proteome data sets. In our previous work, we have sequenced the transcript 3=-end tags and performed a quantitative comparison of the transcriptomes between a sample cultured in minimal medium (MM) containing 47 mM NH 4 ϩ and a sample in nitrogen-limited minimal medium (MM-N). The lipid contents of the MM and the MM-N samples were 22.8% and 33.3%, respectively, and the expression levels of over 2,000 genes were significantly different in these two samples (24) . Interestingly, in this study we found that more than one-half of the LD-associated genes were expressed within a 2-fold variation between the MM and MM-N samples and only 9 genes were not detected in the 3=-tag digital gene expression profiling analysis (Fig. 4A) . Of those with a Ͼ2-fold change, 35 and 50 genes were up-and downregulated, respectively, in the MM-N sample ( Fig. 4A ; see also Tables S3 and S4 in the supplemental material). We also compared the proteomes of cells from the YPD culture ("Seed"), the NL culture for 24 h ("24 h"), and the NL culture for 96 h ("96 h") (24, 25) . Similarly, the lipid contents increased from 9.8% in the "Seed" sample to 63% in the "96 h" sample. The levels of over 500 proteins significantly changed among these samples (24) , of which 90% of the LDassociated proteins (203 proteins) were identified in at least one sample (Fig. 4B) . By rigorous statistical testing, the proteins that significantly changed in the NL samples in comparison with those in the nutrient-rich sample were found (Fig. 4B) . Protein abundances changed similarly in the NL sample over time, because the proportion of overlap between the 24 h/Seed data set and the 96 h/Seed data set was high (Fig. 4C) . The changed proteins in the "24 h" and "96 h" samples were merged, and 38 and 39 proteins were up-and downregulated, respectively, under nitrogen-limited conditions (see Tables S3 and S4 in the supplemental material).
The reanalysis of the previous comparative transcriptome and proteome data clearly revealed that the transcription and expression levels of many LD-related genes changed dynamically during lipid accumulation. In the current work, nitrogen or phosphorus limitation also altered the protein profiles of the LD proteome (Fig. 2D) . In order to examine whether the expression of the LDassociated genes was regulated by nutrient limitation, RT-qPCR was performed to analyze the transcriptional levels of 9 selected genes (Fig. 4D) . These genes encoded proteins important for LD maintenance, enlargement, and mobilization. It was found that 6 genes were transcriptionally upregulated, which was coincident with the "omic" analysis. The protein abundance of Ldp1 increased more than 200-fold in the "96 h" sample compared with that in the "Seed" sample (Fig. 4D) . The RT-qPCR analysis confirmed the upregulation of LDP1 in the MM-N sample (data not shown), although the transcriptome analysis failed to detect the expression level of LDP1, most likely because of the absence of the CATG site to generate the transcript tag. The RT-qPCR results also clearly showed that the transcriptional level of LDP1 was upregulated under both NL and PL conditions. Moreover, the transcription level was higher in the NL sample than in the PL sample (Fig. 4D) . Interestingly, protein levels of Acl1 (ATP:citrate lyase) and Acc1 (acetyl-CoA carboxylase), key enzymes for the formation of precursors for lipid biosynthesis (24) , were upregulated under the NL condition. The RT-qPCR analysis indicated that the transcription of ACL1 and ACC1 was elevated in both the NL-24 h and the PL-48 h samples and that the transcription levels in the PL sample were lower than that in the NL sample (Fig. 4D) . The RT-qPCR results showed that the transcription of FAS1 (fatty acid synthase, beta subunit) was upregulated about 8-fold under NL and PL conditions, which was also in agreement with previous transcriptome and proteome results. Under nutrient-limited conditions, higher protein levels of PpoA, the enzyme for oxylipin production, were also confirmed by RT-qPCR. Although the tran- (2) RHTO_07648 (voltage-dependent ion-selective channel, Por1), LDP1 (perilipin-like) Band 33 (1) RHTO_07686 (fatty acid oxygenase PpoA) Band 34 (3) RHTO_04363 (L-malate dehydrogenase, mitochondrial, Mdh1), RHTO_00208 (short-chain dehydrogenase/reductase SDR family protein, YOR246C), RHTO_00474 (mitochondrial phosphate carrier protein, Pic2) Band 35 (6) RHTO_04363 (L-malate dehydrogenase, mitochondrial, Mdh1), RHTO_03117 (adenylate kinase, Adk1), RHTO_06575 (NmrA-like domain containing protein), RHTO_03193 (1-acylglycerone phosphate reductase, Ayr1), RHTO_06960 (protein of glucose/ribitol dehydrogenase family, weak similarity to YKL107W), RHTO_04226 (actin cortical patch component Lsb4, Lsb3), Band 36 (2) RHTO_03117 (adenylate kinase, Adk1), LDP1 (perilipin-like)
a Proteins in bold are the major proteins for which the most peptides were identified. The names of corresponding orthologs in S. cerevisiae are underlined.
scription of 4 genes, RHTO_00856 and RHTO_04192 for steroid synthesis and RHTO_01062 and RHTO_03165 for lipid hydrolysis, were all upregulated in the MM-N sample, RT-qPCR results indicated that only RHTO_01062 was significantly upregulated under NL conditions. The other three were downregulated under NL or PL conditions (Fig. 4D ).
In the LD proteome of R. toruloides, several other lipid metabolic enzymes, such as acyl coenzyme A (acyl-CoA) dehydrogenase (RHTO_00397), lipase (RHTO_01389 and RHTO_03913), and fatty aldehyde dehydrogenase (RHTO_05680), were upregulated in the NL samples, while glycerol-3-phosphate dehydrogenase (RHTO_007665), acyl-CoA thioesterase 8 (RHTO_01116), and lipid hydrolase (RHTO_03669) were downregulated. The lipid biosynthesis-associated proteins, such as 3-oxoacyl-ACP reductase (RHTO_03348) and acetyl-CoA C-acetyltransferase (RHTO_02048), were transcriptionally upregulated in the MM-N sample, but the latter was downregulated in the NL sample (see Table S3 in the supplemental material).
Ldp1 localized on LDs and promoted giant LD formation. Since Ldp1 has a putative perilipin domain (Pfam number PF03036) and it is a potential LD structural protein, we carried out experiments to verify its LD localization, to examine its cellular distribution, and more importantly, to determine whether it was a key player for giant LD formation. First, we made a polyclonal antibody specifically recognizing Ldp1. To determine the cellular distribution of Ldp1, we fractionated cell lysates into LDs, total membrane, cytosol, and PNS during the LD purification process. Proteins separated by SDS-PAGE were immunoblotted with the Relative mRNA expression levels between cells cultured in nutrient-limited medium ("NL-24 h" and "PL-48 h") and nutrient-rich medium ("YPD-24 h") revealed by RT-qPCR. Three biological replicates and two technical replicates were performed. Statistical significance (*, P Ͻ 0.05; **, P Ͻ 0.01; ***, P Ͻ 0.001) was determined by one-tailed Student's t test. The error bars represent the standard errors for three independently cultured samples. The expression levels were normalized to two reference genes (RHTO_03560 and RHTO_03746). The gene annotation and the transcript and protein expression levels, respectively, from comparative transcriptome (panel A) and proteome (panel B) analysis are listed in the right panel. Normalized counts of transcript tags (TPM, tags per million) were used for comparison of transcription levels. The average of the normalized spectral counts from three replicates was used for comparison of the protein levels. The comparative transcriptome and proteome data were retrieved from our previous study (24) .
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March 2015 Volume 14 Number 3 ec.asm.org 259 Eukaryotic Cell on October 16, 2017 by guest http://ec.asm.org/ anti-Ldp1 antibody, and the results clearly showed that Ldp1 was present only in the LD fraction, even with much lower protein loading than in other cellular fractions (Fig. 5A) . These data confirmed the LD localization of Ldp1 and suggested Ldp1 as an LDspecific protein in R. toruloides. We then compared the protein abundance of Ldp1 in the LD fractions prepared from cells cultured under different conditions and found that the protein levels in both the NL-24 h and PL-48 h samples were higher than that in the YPD-24 h sample. Moreover, the NL-24 h sample had a higher level of Ldp1 than the PL-48 h sample (Fig. 5B) , which matched well with the densitometry change of the protein bands that migrated identically to band 31 between these samples (Fig. 2D) . These results were also in agreement with results from semiquantitative proteome and RT-qPCR analysis (Fig. 4D) . Together, these observations clearly demonstrated the dynamic nature of Ldp1 during lipid production. Second, we expressed a C-terminal GFP-tagged Ldp1 (Ldp1-GFP) in S. cerevisiae lacking perilipinlike proteins to morphologically determine the cellular distribution of Ldp1. The Ldp1-GFP colocalized well with the LD marker Erg6-RFP (47) and LipidTOX staining but not with Sec13-RFP, which is a marker protein for endoplasmic reticulum (ER) to Golgi vesicles ( Fig. 5C and D) , while the expressed GFP distributed in the cytosol space (d1 to d5 in Fig. 5D ). We also examined the LD sizes of S. cerevisiae cells overexpressing Ldp1-GFP. Interestingly, most cells that expressed Ldp1-GFP contained one giant LD, whereas the cells that expressed GFP had multiple small LDs ( Fig. 5D ; see also Fig. S1 in the supplemental material) , indicating that the overexpression of Ldp1 was responsible for LD enlargement.
DISCUSSION
R. toruloides is a basidiomycete fungus of the Pucciniomycotina subphylum. Many species of the Pucciniomycotina clade are plantparasitic rust fungi that can cause severe forest and agriculture losses (48) . It has been known that LDs are connected with pathogen virulence of fungi (40, 49) . However, there have been no systematic studies on the LD proteome of basidiomycetes. Moreover, this yeast is well known for the overproduction of lipids and pigments (15, 22, 23, 50) and has been used as a microbial factory for the production of advanced biofuels (15, 51) . Manipulating the dynamics of LDs is a potential approach to engineer this yeast for the production of lipids and related metabolites at higher titer, rate, and yield. For example, the ER proteins seipin and fat storage-inducing transmembrane proteins (FIT1 and FIT2) have been found to regulate LD formation and morphology (52) , and impairing the expression of seipin can increase TAG synthesis and lead to giant LD formation (53, 54) . In addition, higher levels of FIT1 or FIT2 have resulted in more and larger LDs (55) . The expression of the LD structure protein caleosin 1 (AtClo1) from Arabidopsis in S. cerevisiae increased lipid accumulation (56) . Recently, many efforts have been undertaken to engineer S. cerevisiae or Escherichia coli for the production of lipid-derived metabolites and biofuels, but the efficiency remained fairly low (14, 57) . Alternatively, it has been shown that more than 70% of the TAGs in R. toruloides can be converted to fatty acid ethyl esters when incubating lipid-rich cells with 10% ethanol in an aqueous environment (58) . It is believed that the LD provides the hydrophobic microenvironment for LD-associated lipases, which traditionally catalyzed the transesterification in nonaqueous media (59) . Although the roles of LDs are important in lipid biotechnology, key factors regulating the LD dynamics remain poorly characterized in oleaginous species.
In this study, we established the LD proteome of R. toruloides. By analyzing the protein profiles of the LDs from high-lipid and low-lipid cell samples, we found that the LD proteome changed significantly (Fig. 2D) . We speculated that these proteome changes were crucial for lipid accumulation and LD dynamics; thus, we reanalyzed the data sets of our previous comparative transcriptome and proteome study to identify differentially expressed LD-associated genes, as those previous samples were cultured in nitrogen-rich and nitrogen-limited media and accumulated different amounts of lipids (24, 25) . The expression levels of about one-third of the LD-associated genes changed (see Table S3 in the supplemental material), while only 25% of the overall genes and 7% of the whole proteome of the cell changed at the transcriptome and proteome levels, respectively. This indicated that the LD proteome changed more significantly than other cellular proteins.
The LDs are hubs of cellular lipid metabolism and can serve as the reservoir of energy or building blocks of cellular membrane lipids. Acetyl-CoA, a precursor for fatty acid synthesis, is generated from the cleavage of citrate, which permeates out from the mitochondrion in oleaginous yeasts (22) . The enzyme catalyzing citrate to acetyl-CoA is Acl1. Acetyl-CoA is activated to malonylCoA by acetyl-CoA carboxylase (Acc), and then malonyl-CoA is utilized for fatty acid chain elongation, which is catalyzed by fatty acid synthase (Fas), a multifunctional enzyme complex. These three enzymes were traditionally known as cytoplasmic proteins, but they were found in the LD proteome in this study as well as others (60) . It was unknown whether these proteins were translocated to LDs by vesicle transport or were recruited from the cytosol. Other lipid biosynthesis-related proteins were found in the LD proteome, including RHTO_07665, RHTO_03193, and RHTO_04314. All these enzymes constituted a complete pathway from citrate and dihydroxyacetone phosphate to lysophosphatidic acid, a common precursor for TAGs and phospholipids. Although the enzymes responsible for the downstream biosynthetic steps of TAGs and phospholipids, such as Slc1 and Dga1, were found in the LD proteomes of mammalian and yeasts (13, 17, 21, 38, 61) , they were not identified in the LD proteome of R. toruloides. It should be noted that a cytosol TAG synthesis machinery has been known in the oleaginous red yeasts (62), but its roles in lipid accumulation and TAG transport remained unclear. Of these LDassociated lipid biosynthesis genes, ACL1, ACC1, FAS1, and FAS2 were all upregulated in lipid-rich cells at the protein level (see Table S3 in the supplemental material) as well as the transcriptional level (Fig. 4D) .
The LDs are the major organelles for neutral lipid mobilization in R. toruloides. We found 11 lipolytic enzymes in the LD proteome (Table 1) . RHTO_03931 is the ortholog of the yeast bifunctional enzyme Tgl5, which has TAG lipase and lysophosphatidic acid acyltransferase activity. This enzyme could transfer the acyl group from acyl-CoA to lysophosphatidic acid to produce phosphatidic acid, which could promote LD fusion to generate larger LDs (52, 53) . This enzyme could also hydrolyze TAG to fatty acid and diacylglycerol, which could then be hydrolyzed to monoacylglycerol by RHTO_02359 (the ortholog of mammalian hormonesensitive lipase). The monoacylglycerol was hydrolyzed to fatty acid and glycerol by lipases RHTO_03913 and probably RHTO_ 03511. However, RHTO_02359 was absent in the LD proteome, suggesting that it was not recruited yet at the lipid accumulation stage, because the translocation of the activated and phosphorylated hormone-sensitive lipase onto LDs depends on phosphorylation of the perilipin (Ldp1 might play similar roles in this yeast) by protein kinase A in response to the cellular energy status (19) . Released fatty acids may be metabolized, such as the transformation of linoleic acid to oxylipin by PpoA (RHTO_07686). Alternatively, fatty acids may be oxidized via the ␤-oxidation process. The location of ␤-oxidization is believed to be in the mitochondrion and peroxisome, which are both in close proximity to LDs. Indeed, mitochondrial and peroxisomal proteins (RHTO_01116, RHTO_03348, and RHTO_00397) were identified in the LD proteome. PpoA was upregulated in lipid-rich cells (Fig. 4D) . Interestingly, the expression levels of three genes for lipid degradation (RHTO_03913, RHTO_01116, and RHTO_03348) were up-regulated in the MM-N sample (see Table S3 in the supplemental material), in which the ␤-oxidation was elevated (24) .
Membrane trafficking is a delivery process mediated by multiorganelles. The expression patterns of proteins involved in membrane trafficking can influence LD dynamics. RHTO_07779, an ADP-ribosylation factor (ARF1) and a homolog of Drosophila ARF79F, was found in the LD proteome. ARF1 is a small GTPase, which recruits the COPI coatomer subunits and mediates Golgi apparatus-to-ER transport. Knockdown of ARF79F and COPI components has been reported to promote lipid accumulation, partially due to the decrease of the LD targeting of LD lipase ATGL (63, 64) . RHTO_07779 was downregulated in the "96 h" sample, which had a lipid content of 63%. Three COPI components, subunits ␣, ␤, and ␥ corresponding to RHTO_00667, RHTO_00612, and RHTO_03548, respectively, were also found in the LD proteome, but the expression of the ␤ subunit was upregulated in the lipid-rich samples (see Table S3 in the supplemental material). It was also known that the COPII controlled by small GTPase SAR1 was involved in protein anterograde transport from the ER to the Golgi apparatus and played similar roles in ATGL translocation to LDs (65) . Impaired COPII activity increased lipid storage but in a milder manner. We identified Sar1 GTPase (RHTO_02448) in the LD proteome. This protein was downregulated in the "24 h" and "96 h" samples, but its transcription level increased 2.6-fold in the MM-N sample. Two vesicle fusion-related proteins, RHTO_ 01157 (Ykt6, v-SNARE) and RHTO_06548 (Sec18, an ortholog to human N-ethylmaleimide-sensitive factor [NSF]) (66) , were also present in the LD proteome.
Small Rab GTPases are vesicle-trafficking-regulating G proteins with posttranslationally modified prenyl moieties for membrane anchorage. Seven Rabs were found in the LD proteome, probably due to the presence of ER-derived phospholipid hemimembrane of LDs. Rabs may mediate the interactions between LDs and other organelles, such as the Golgi apparatus, vacuoles, and endosomes (2, 67) . The expression of small Rabs also changed during lipid overproduction, such as upregulation of Rab1 (RHTO_06528), Rab8 (RHTO_08047), and Rab11 (RHTO_01102) in the NL sample (see Table S3 in the supplemental material). RHTO_04520, a homolog to Rab18, was upregulated in the MM-N sample. Interestingly, a higher upregulated expression level of Rab18 was found in fatty adipocytes, and recruitment of Rab18 to LDs in association with lipolysis was demonstrated (68) . Thus, RHTO_04520 may play a role in LD metabolism. Other Rabs (Rab4, -5, -7, and -11) may be associated with endosomes or vacuoles. Vacuoles are organelles playing a major role in autophagy, the process of "eating" cellular components. It was also demonstrated that autophagy played crucial roles in the formation of giant LDs in adipocytes (69) . In our previous study, an elevated autophagy process, which might remodel the cells to make more space for LDs, was revealed along with lipid accumulation (24) .
Taken together, this and many recent studies clearly indicate that LD-associated proteins are not simply sticky but structurally and functionally associated with LDs. The presence of metabolic enzymes (involved mainly in lipid metabolism), vesical traffic proteins, Rab GTPases, and others in the LD proteome of different species suggests more-complicated and cryptic roles of these proteins in LD biology. The presence of functionally diverse proteins also suggests that the cytosolic LDs are not simple energy storage particles but more energetic and functional organelles. More importantly, our results showed that the levels of the majority of the LD-associated proteins changed dynamically in response to nutrient availability. Such changes had good correlation with the development of cellular LDs.
In summary, we identified 226 LD-associated proteins, which established a comprehensive LD proteome of the oleaginous yeast R. toruloides. The major LD structure protein Ldp1 was characterized as an LD marker protein, which was important for giant LD formation. Analysis of proteomic data and biochemical results demonstrated the dynamic nature of these proteins during lipid accumulation under different conditions. Our results significantly advance our understanding of the molecular basis of lipid overproduction in oleaginous yeasts. Such information will be valuable for the investigation on LD biology in general and for the development of superior lipid producers.
